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Abstract 
5HDFWLYH H[SHULPHQWV ZHUH SHUIRUPHG WR H[SRVH VDPSOH FRUHV IURP WKH $UEXFNOH FDUERQDWH UHVHUYRLU WR &2DFLGLILHG EULQH
XQGHU UHVHUYRLU WHPSHUDWXUHDQGSUHVVXUHFRQGLWLRQV7KHVDPSOHVFRQVLVWHGRIGRORPLWHZLWK YDU\LQJTXDQWLWLHVRIFDOFLWHDQG
VLOLFDFKHUW 7KH WLPHVFDOHV RI PRQLWRUHG SUHVVXUH GHFOLQH DFURVV HDFK VDPSOH DQG FRQFXUUHQW LQFUHDVHV LQ SHUPHDELOLW\ LQ
UHVSRQVH WR &2 H[SRVXUH DV ZHOO DV WKH DPRXQW RI DQG QDWXUH RI GLVVROXWLRQ IHDWXUHV YDULHG ZLGHO\ DPRQJ WKHVH WKUHH
H[SHULPHQWV)RUDOOVDPSOHVFRUHVWKHH[SHULPHQWDOO\PHDVXUHGLQLWLDOSHUPHDELOLW\ZDVDWOHDVWRQHRUGHURIPDJQLWXGHRUPRUH
ORZHUWKDQWKHYDOXHVHVWLPDWHGIURPGRZQKROHPHWKRGV1RQGHVWUXFWLYH;UD\FRPSXWHGWRPRJUDSK\;5&7LPDJLQJUHYHDOHG
GLVVROXWLRQIHDWXUHVLQFOXGLQJ³ZRUPKROHV´UHPRYDORIIUDFWXUHILOOLQJFU\VWDOVDQGZLGHQLQJRISUHH[LVWLQJSRUHVSDFHV,QWKH
LQMHFWLRQ ]RQH VDPSOHPXOWLSOH IUDFWXUHVPD\ KDYH FRQWULEXWHG WR WKH KLJK LQLWLDO SHUPHDELOLW\ RI WKLV FRUH DQG UHVWULFWHG WKH
GLVWULEXWLRQRI&2LQGXFHGPLQHUDOGLVVROXWLRQ,QFRQWUDVWWKHSUHH[LVWLQJSRURVLW\RIWKHEDIIOH]RQHVDPSOHZDVPXFKORZHU
DQGOHVVFRQQHFWHGOHDGLQJWRDORZHU LQLWLDOSHUPHDELOLW\DQGFRQWULEXWLQJWRWKHGHYHORSPHQWRIDVLQJOHGLVVROXWLRQFKDQQHO
:KLOH FDOFLWH PD\ PDNH XS RQO\ D VPDOO SHUFHQWDJH RI WKH RYHUDOO VDPSOH FRPSRVLWLRQ LWV ORFDWLRQ DQG WKH HIIHFWV RI LWV
GLVVROXWLRQKDYHDQRXWVL]HGHIIHFWRQSHUPHDELOLW\UHVSRQVHVWR&2H[SRVXUH7KH;5&7GDWDSUHVHQWHGKHUHDUHLQIRUPDWLYH
IRUEXLOGLQJWKHPRGHOGRPDLQIRUQXPHULFDOVLPXODWLRQVRIWKHVHH[SHULPHQWVEXWUHTXLUHFDOLEUDWLRQE\KLJKHUUHVROXWLRQPHDQV
WRFRQILGHQWO\HYDOXDWHGLIIHUHQWSRURVLW\SHUPHDELOLW\UHODWLRQVKLSV

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1. Introduction 
6HYHUDOODUJHVFDOHVXEVXUIDFHFDUERQXWLOL]DWLRQDQGVHTXHVWUDWLRQSURMHFWVKDYHEHHQLPSOHPHQWHGLQUHVSRQVHWR
ULVLQJOHYHOVRIDWPRVSKHULFFDUERQGLR[LGH&2'HVLUDEOHFDQGLGDWHVHTXHVWUDWLRQVFHQDULRVLQFOXGHFXUUHQWDQG
IRUPHU &2HQKDQFHGRLOUHFRYHU\ ILHOGV ZKLFK FDQ EH WUDQVLWLRQHG LQWR ORQJWHUP &2 VWRUDJH VLWHV JLYHQ WKH
SUHVHQFHRIVXIILFLHQWO\LPSHUPHDEOH³VHDO´IRUPDWLRQV$VDUHVXOWRIWKHKLJKUHDFWLYLW\RIFDUERQDWHPLQHUDOVVXFK
DV FDOFLWH DQG GRORPLWH XQGHU &2DFLGLILHG FRQGLWLRQV WKHVH FDUERQDWH UHVHUYRLU IRUPDWLRQV FDQ EH H[SHFWHG WR
UHVSRQG WR &2 LQMHFWLRQ QHDU WKH LQMHFWLRQ ]RQH ZLWK JHQHUDWLRQ RI QHZ SRUH VSDFH DQG SRWHQWLDOO\ EHQHILFLDO
SHUPHDELOLW\HQKDQFHPHQWVDV&2FKDUJHGIOXLGVSDUWLDOO\GLVVROYHFDUERQDWHKRVWPLQHUDOVXQWLOUHDFKLQJFKHPLFDO
HTXLOLEULXP+RZHYHUWKLVVDPHW\SHRIUHDFWLRQFDQDOVROHDGWRWKHIRUPDWLRQRIOHVVGHVLUDEOHIDVWIOXLGSDWKZD\V
LQVHDOIRUPDWLRQVWKDWFRQWDLQFDUERQDWHPLQHUDOVDQGWKHVHSUHIHUHQWLDOSDWKZD\VFRXOGDOORZOHDNDJHRI&2LQWR
RYHUO\LQJJHRORJLFXQLWV
$ IXOO XQGHUVWDQGLQJ RI WKH LPSDFW RI FKHPLFDO DQG PHFKDQLFDO VWUHVVHV HJ IOXLGPLQHUDO GLVHTXLOLEULD
IOXFWXDWLQJ UHVHUYRLUFRQGLWLRQVHWF UHVXOWLQJ IURP&2 LQMHFWLRQDQGDFFXUDWHSUHGLFWLRQVRIKRZ WKHVH VWUHVVHV
WUDQVODWHLQWRPHDQLQJIXOFKDQJHVLQSHUPHDELOLW\WKURXJKRXWVWRUDJH IRUPDWLRQVLVDQDFWLYHDUHDRIUHVHDUFK>HJ
@7RDGGUHVVWKHVHTXHVWLRQVZHSUHVHQWFXUUHQWUHVXOWVIURPVHYHUDOFRUHIORRGH[SHULPHQWVFRQGXFWHGDWin situ
VWRUDJHWHPSHUDWXUHDQGSUHVVXUHFRQGLWLRQVRQZHOOFKDUDFWHUL]HGFDUERQDWHUHVHUYRLUFRUHVDPSOHVIURPDSRWHQWLDO
FDUERQ VWRUDJH VLWH :HOOLQJWRQ .DQVDV 86$ 7KH SXUSRVH RI WKHVH H[SHULPHQWV ZDV WR H[SORUH WKH HIIHFWV RI
SK\VLFDO SRUH FRQQHFWLYLW\ GLVWULEXWLRQ DQG FKHPLFDO FDOFLWHGRORPLWHQRQFDUERQDWHPLQHUDORJ\ KHWHURJHQHLW\
RQWKHHYROXWLRQRISHUPHDELOLW\ZLWKLQWKHVHFRUHVDPSOHV7RTXDQWLI\WKHVHDWWULEXWHVHDFKVDPSOHZDVLPDJHGYLD
;UD\ PLFURWRPRJUDSK\ ERWK SULRU WR DQG DIWHU HDFK EULQH&2 FRUHIORRGLQJ H[SHULPHQW *HRFKHPLFDO IOXLG
VDPSOHVZHUH FROOHFWHG WKURXJKRXW HDFK H[SHULPHQW DQG LQWHUSUHWHG WR GHILQH HDFK VDPSOH¶V DSSURDFK WR VSHFLILF
IOXLGPLQHUDOVDWXUDWLRQVWDWHV
2XUH[SHULPHQWDOPHWKRGRORJ\ZDVLQIRUPHGE\DSUHYLRXVVHWRIVLPLODUH[SHULPHQWVFRQGXFWHGRQVPDOOHUORZ
SHUPHDELOLW\ FDUERQDWH VDPSOHV IURP DQ H[LVWLQJ FDUERQ VWRUDJH VLWH WKH :H\EXUQ0LGDOH &2HQKDQFHG RLO
UHFRYHU\DQGFDUERQVWRUDJHVLWH6DVNDWFKHZDQ&DQDGD >@,QWKDWZRUNZHLQWHQWLRQDOO\YDULHGWKHp&2RI
WKH IORRGLQJ EULQHV WR H[DPLQH HIIHFWV RQ SRURVLW\ DQG SHUPHDELOLW\ HYROXWLRQ ZLWKLQ VSDWLDOO\ FOXVWHUHG VDPSOHV
VHOHFWHGIRUWKHLUVLPLODUPLQHUDORJ\,QWKLVVWXG\RXUREMHFWLYHZDVLQVWHDGWRH[DPLQHDUDQJHRI ODUJHUYROXPH
VDPSOHVSRVVHVVLQJDZLGHU UDQJHRISHUPHDELOLWLHVDQGPLQHUDO FRQWHQWVZKLOHKROGLQJ WKH&2aqFRQWHQWRI WKH
EULQHFRQVWDQW7KHVWXGLHVSHUIRUPHGDW WKH:HOOLQJWRQ.DQVDVILHOGVLWHE\WKH.DQVDV*HRORJLFDO6XUYH\OLQNV
DQGLQIRUPDWLRQDFFHVVLEOHDW>@LQFOXGHGH[WHQVLYHFKDUDFWHUL]DWLRQRIWKH$UEXFNOH*URXSDQGRWKHUQHLJKERULQJ
FDUERQDWH IRUPDWLRQV ZKLFK HQDEOHG XV WR VHOHFW VDPSOH FRUHV HQFRPSDVVLQJ ERWK UHVHUYRLU DQG ³EDIIOH´ ]RQH
IRUPDWLRQVDQGVSDQQLQJRYHURUGHUVRIPDJQLWXGHRIH[SHFWHGSHUPHDELOLW\

2. Materials and Methods 
6DPSOH FRUHVRI PPGLDPHWHU LQFK DQGYDULDEOH OHQJWKVZHUHREWDLQHG IURP WKH.DQVDV*HRORJLFDO
6XUYH\ /DZUHQFH .DQVDV 86$ DQG WKHQ SROLVKHG DW ERWK HQGV WR REWDLQ IODW VXUIDFHV 7KHVH VDPSOHV ZHUH
LPDJHGERWKSULRU WRDQGDIWHU UHDFWLRQZLWK&2DFLGLILHGEULQHVYLD;UD\FRPSXWHG WRPRJUDSK\ ;5&77KH
H[SHULPHQWVZHUH FDUULHGRXW LQ D SUHVVXUL]HG FRUHIORRGLQJ UHDFWRUZKHUH WHPSHUDWXUH DQGSUHVVXUHZHUHKHOG DW
URXJKO\in situYDOXHV&DQG03DFRQILQLQJSUHVVXUH)OXLGVDPSOHVIURPHDFKH[SHULPHQWZHUHFROOHFWHG
IRUJHRFKHPLFDO DQDO\VLV DQGGLIIHUHQWLDO SUHVVXUHV DFURVV WKH FRUH VDPSOHVZHUHPRQLWRUHGGXULQJ FRQVWDQW IORZ
FRQGLWLRQV
2.1. Carbonate core samples 
7KHVDPSOHVLQWKHVHH[SHULPHQWVZHUHSURYLGHGIURPZHOOVGULOOHGLQWRWKH$UEXFNOHJURXSDODUJH&DPEULDQ
2UGRYLFLDQFDUERQDWHUHVHUYRLUXQGHUO\LQJPXFKRI.DQVDVLQWKH:HOOLQJWRQILHOGRIVRXWKHUQ.DQVDVDVSDUWRI
WKH6RXWKFHQWUDO.DQVDV&23URMHFW>@7KHVDPSOHVFRQVLVWSULPDULO\RIGRORPLWHZLWKYDULDEOHTXDQWLWLHVRI
FDOFLWH PRVW FRPPRQO\ LQ WKH IRUPRI FHPHQW EXW DOVR DV LVRODWHG EDQGV DQG VLOLFDFKHUW7KHVH SDUWLFXODU FRUH
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VDPSOHVZHUHVHOHFWHGRQWKHEDVLVRIWKHLUHVWLPDWHGEXONSHUPHDELOLW\7DEOH7KHGRZQKROHYDOXHRYHUSUHGLFWV
HDFKVXEFRUH¶VSHUPHDELOLW\7KLVGLIIHUHQFHPD\VWHPIURPWKHVPDOOHUYROXPHRIWKHVXEVDPSOHFRPSDUHGWRWKDW
PHDVXUHG E\ WKH GRZQKROH WRRO DQG LW PD\ DOVR UHIOHFW XQFHUWDLQW\ LQ WKH H[WUDFWLRQ RI SHUPHDELOLW\ GDWD IURP
GRZQKROHGDWDFROOHFWHG LQFDUERQDWH DVRSSRVHG WRVDQGVWRQHUHVHUYRLUV0DVRQHWDO LQ WKLV LVVXHPRUHIXOO\
GLVFXVVHV LPSURYHPHQWV WR SUHGLFWLRQ RI FDUERQDWH SHUPHDELOLW\ IURP VLPLODU VDPSOHV XVLQJ QHXWURQ PDJQHWLF
UHVRQDQFHPHWKRGV
7KHXSSHUPRVWVDPSOH.6ZDVWDNHQIURPDUHJLRQLGHQWLILHGDVD³EDIIOH´]RQHD]RQHRIVOLJKWO\ORZHU
SHUPHDELOLW\ )URP H[DPLQDWLRQ RI SUHUHDFWLRQ WRPRJUDSK\ GDWD WKLV VDPSOH DSSHDUV WR FRQVLVW RI D SRURXV
GRORPLWLFPDWUL[ LQZKLFKSRUH VSDFHVKDYHEHHQSDUWLDOO\ WR IXOO\ ILOOHGZLWK ODWHUVWDJH OLJKW JUD\VFDOH FDOFLWH
ULFKFHPHQWPDWHULDO)LJXUHDDQGSRVVLEO\UHSODFHPHQWVLOLFDDVZHOO$FFRUGLQJWRZHOO ORJVVDPSOH.6
ZDVWDNHQQHDUDERXQGDU\EHWZHHQDQLGHQWLILHGEDIIOH]RQHDQGWKHW\SLFDOLQMHFWLRQ]RQHWDUJHWIRUPDWLRQ)URP
ERWKFRUHORJVDQGYLVXDOLQVSHFWLRQWKLVVDPSOHFRQVLVWVRILQWHUPLWWHQWUHJLRQVRIODUJHGRORPLWHUKRPEVaPP
ZLWKLQ D SUHGRPLQDQWO\ ILQHJUDLQHG PDVVLYH GRORPLWH PDWUL[ ZLWK PRVW YLVLEOH SRUH VSDFH DVVRFLDWHG ZLWK WKH
FU\VWDOOLQHUHJLRQV)LJXUHE7KHGHHSHVWVDPSOH.6LV WDNHQIURPDWKLFNLQWHUYDORIWKH$UEXFNOH WDUJHW
LQMHFWLRQ ]RQH 3RUWLRQV RI WKLV VDPSOH DSSHDU WH[WXUDOO\ VLPLODU WR WKH SDUWLDOO\ UHFHPHQWHG GRORPLWH VHHQ LQ
.6EXWDODUJHYROXPHRIWKLVFRUHFRQVLVWVRIDIUDFWXUHGORZSRURVLW\GDUNHUJUD\VFDOHPDWHULDOVHH)LJXUH
F6RPHIUDFWXUHVDUHGLIILFXOWWRVHJPHQWDVWKHLUDSHUWXUHSHUSHQGLFXODUWRIORZGLUHFWLRQLVSL[HORUOHVVEXW
PDQ\IUDFWXUHVGLVSOD\PD[LPXPDSHUWXUHVRIXSWRSL[HOVPLFURQV:KHUHWKHVHIUDFWXUHVH[WHQG
LQWRWKHSDUWLDOO\SRURXVUHFHPHQWHGGRORPLWHUHJLRQVWKH\DUHFRPSOHWHO\VHDOHGZLWKOLJKWHUJUD\VFDOHPDWHULDO
ZLWKLQWKHIUDFWXUHGGDUNHUJUD\VFDOHPDWHULDOHXKHGUDOFDOFLWHFU\VWDOVDUHSUHVHQWEXWGRQRWFRPSOHWHO\RFFOXGH
WKHIUDFWXUHV
&RUH ORJ GHVFULSWLRQV RI DOO VDPSOHV LQGLFDWHG WKDW YDULDEOH TXDQWLWLHV RI FKHUW PD\ EH SUHVHQW DQG VLOLFHRXV
PDWHULDO KDV EHHQ WHQWDWLYHO\ LGHQWLILHG LQ VRPH ;5&7 LPDJHV EDVHG RQ VKDSH DQG WH[WXUH ,Q VDPSOH  LQ
SDUWLFXODU WKH IUDFWXUHGQDWXUHRI WKHGDUNHUJUD\VFDOHPDWHULDOGLVFXVVHGDERYHVXSSRUWV WKHSRVVLELOLW\ WKDW LW LV
PLFURFU\VWDOOLQHVLOLFD'LVWLQJXLVKLQJGRORPLWHIURPDVLOLFDSKDVHZLWKLQWKHLPDJHGDWDVHWVLVSUREOHPDWLFEHFDXVH
DWWKHVH;5&7VFDQFRQGLWLRQVERWKPLQHUDOVPD\SURGXFHVLPLODUJUD\VFDOHYDOXHV'HVWUXFWLYHVHFWLRQLQJRIWKH
UHDFWHGFRUHVLVXQGHUZD\WRSURGXFHVSHFLPHQVIRUVFDQQLQJHOHFWURQPLFURVFRSLFGHWHUPLQDWLRQRIWKHDEXQGDQFH
RIFKHUWVLOLFDSKDVHVLQVHOHFWHGUHJLRQV

7DEOH&DUERQDWHFRUHVDPSOHVXVHGLQH[SHULPHQWV
6DPSOHLGHQWLILHUIRUPDWLRQW\SH 'RZQKROHLQWHUYDOEXON
SHUPHDELOLW\P'
([SHULPHQWDOO\GHWHUPLQHG
LQLWLDOVDPSOHSHUPHDELOLW\P'
.6EDIIOH]RQH
.6ERXQGDU\




.6LQMHFWLRQ]RQH  

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
)LJ/RQJLWXGLQDOFURVVVHFWLRQVIURP;5&7LPDJLQJRIVDPSOHVD.6E.6DQGF.6*UD\VFDOHLQWKHVH;5&7LPDJHV
LVSURSRUWLRQDOWRSKDVHGHQVLW\WKHUHIRUHYRLGVSDFHLVUHSUHVHQWHGE\DORZJUD\VFDOHLHEODFN
2.2. Experimental methods 
7KH WKUHH H[SHULPHQWV GLVFXVVHG KHUH IROORZ WKH VDPH H[SHULPHQWDOPHWKRGRORJ\ DQGZHUH FDUULHG RXW LQ WKH
VDPHH[SHULPHQWDOVHWXSGLVFXVVHGLQ>@0RGLILFDWLRQVWRWKHV\VWHPLQFOXGHGQHZHQGFDSVWRDFFRPPRGDWHWKH
ODUJHU$UEXFNOHFRUHVDQGDGGLWLRQDOYDOYHVWRDOORZVZLWFKLQJDPRQJ&2IUHHEULQH&2IUHHWUDFHUVSLNHGEULQH
DQG WZR SUHVVXUL]HG &2EULQH PL[HU YHVVHOV )RU FRPSDULVRQ EHWZHHQ WKHVH H[SHULPHQWV DQG WKRVH FRQGXFWHG
SUHYLRXVO\RQFDOFLWHULFKFRUHVIURPWKH:H\EXUQ0LGDOH&DQDGDHQKDQFHGRLOUHFRYHU\DQGVWRUDJHVLWHWKHVDPH
EULQH FRPSRVLWLRQ ZDV XWLOL]HG a PRODO 1D&O VROXWLRQ FRQWDLQLQJ ORZHU TXDQWLWLHV RI 1D+&2 &D&O DQG
0J&O WR HQVXUH HTXLOLEULXP RU VOLJKW VXSHUVDWXUDWLRQ ZLWK UHVSHFW WR FDOFLWH DQG GRORPLWH LQ WKH DEVHQFH RI
GLVVROYHG &2 'XULQJ &2EULQH IORZ SHULRGV EULQH p&2 ZDV PDLQWDLQHG DW RU QHDU  03D HQVXULQJ
XQGHUVDWXUDWLRQRIWKHLQSXWVROXWLRQE\DWOHDVWWZRRUGHUVRIPDJQLWXGHZLWKUHVSHFWWRERWKFDOFLWHDQGGRORPLWH
$IWHU SUHUHDFWLRQ;5&7 LPDJLQJ HDFK H[SHULPHQW IROORZHG WKH VDPH SURWRFRO EULQH VDWXUDWLRQ SUHUHDFWLRQ
WUDFHU WHVWSUH&2 IORZDQGVDPSOLQJ WRFROOHFWEDVHOLQHJHRFKHPLFDODQGSUHVVXUHSHUPHDELOLW\GDWD&2EULQH
IORZ ZLWK GLIIHUHQWLDO SUHVVXUHPRQLWRULQJ DQG JHRFKHPLFDO VDPSOH FROOHFWLRQ SRVWUHDFWLRQ WUDFHU WHVW DQG ILQDO
SHUPHDELOLW\PHDVXUHPHQWV1JDVIOXVKWRUHPRYHEULQH7KHVDPSOHVZHUHUHDFWHGDW&XQGHUFRQVWDQW
03DFRQILQLQJSUHVVXUHDQG03DRXWOHWSUHVVXUH7KHH[SHULPHQWVZHUHFRQGXFWHGXQGHUFRQVWDQW IORZUDWH
FRQGLWLRQVP/PLQXQOHVVQRWHGRWKHUZLVHVRWKDWFKDQJHVLQGLIIHUHQWLDOSUHVVXUHDFURVVWKHFRUHFRXOGEH
FRUUHODWHG WR FKDQJHV LQ EXON VDPSOH SHUPHDELOLW\ 7KH IORZ UDWH ZDV FKRVHQ WR PDLQWDLQ WKH VDPH 'DUF\ IOX[
WKURXJK WKHVH ODUJHUVDPSOHVDVKDGEHHQXWLOL]HG LQ WKHSUHYLRXV:H\EXUQFRUHH[SHULPHQWV >@2QHH[SHULPHQW
XVLQJ VDPSOH .6 KDG WR EH FRQGXFWHG DW D VORZHU IORZ UDWH  P/ PLQ GXH WR WKH VDPSOH¶V ORZHU
SHUPHDELOLW\$KHDWVKULQNDEOHIOXRUHODVWRPHUMDFNHWFRYHULQJWKHVDPSOHDQGERWKHQGFDSVHIIHFWLYHO\LVRODWHGWKH
EULQHIORZLQJZLWKLQWKHFRUHIURPWKHSUHVVXUL]LQJIOXLGLQVLGHWKHUHDFWRUYHVVHO
2XWOHWIOXLGVDPSOHVZHUHFROOHFWHGDQGILOWHUHGWRPRQLWRUPDMRUDQGWUDFHHOHPHQWVDQGWRWDOLQRUJDQLFFDUERQ
ZDVVDPSOHGYLDDONDOLQH WUDSSLQJRIRXWOHW IOXLGVDQGH[VROYLQJ&2g3ULRU WR WKH LQWURGXFWLRQRI&2HQULFKHG
EULQHVROXWLRQS+ZDVPRQLWRUHGGXULQJVDPSOLQJHYHQWV'XULQJ&2EULQHIORZSHULRGVVROXWLRQS+DW&
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DQG VDWXUDWLRQ LQGLFHV LQGLFDWLQJ WKH GHJUHH RI VDWXUDWLRQ RI WKH IOXLG ZLWK UHVSHFW WRPLQHUDOV RI LQWHUHVW ZHUH
PRGHOHGXVLQJWKH(4JHRFKHPLFDOVSHFLDWLRQFRGHDQGWKHdata.shvWKHUPRG\QDPLFGDWDEDVH>@
2.3. X-ray computed tomography imaging and data methods 
(DFKVDPSOHZDVLPDJHGEHIRUHDQGDIWHUUHDFWLRQYLD;5&7XVLQJDQ;UDGLDPLFUR&7VFDQQHUDQGFRQHEHDP
GDWDDFTXLVLWLRQDWWKH8QLYHUVLW\RI$XVWLQ&RPSXWHG7RPRJUDSK\/DERUDWRU\$XVWLQ7H[DV86$6FDQVZHUH
FRQGXFWHG DW  NH9 ZLWK D 6L2 ILOWHU XVLQJ WKH VDPH REMHFWLYH DQG GHWHFWRUVRXUFH GLVWDQFHV WR FRQVLVWHQWO\
SURGXFHDYR[HOUHVROXWLRQRIPLFURQV7KHOHQJWKRIWKHFRUHVQHFHVVLWDWHGGDWDFROOHFWLRQLQVHSDUDWHSDUWV
ZKLFKZHUHDXWRPDWLFDOO\VWLWFKHGWRJHWKHUXVLQJ;UDGLDVRIWZDUH
%RWK ELW DQG ELW LPDJH VWDFNVZHUH FROOHFWHG EXW LPDJH DQDO\VLVZDV SHUIRUPHG RQ ELW VWDFNV RQO\ IRU
HIILFLHQF\7KHWZR;5&7GDWDVHWVJHQHUDWHGIURPHDFKVDPSOHZHUHUHJLVWHUHGDQGDOLJQHGYLDxyWUDQVODWLRQDQG
URWDWLRQ XVLQJ WKH $OLJQB73 SOXJLQ DQG )LML,PDJH- VRIWZDUH > @ $IWHU DQDO\VLV RI JUD\VFDOH LPDJHV DQG
KLVWRJUDPV WKH SRVWUHDFWLRQ GDWDVHW ZDV VHJPHQWHG LQWR ELQDU\ EODFNZKLWH LPDJHV UHSUHVHQWLQJ SRURXV VSDFH
YHUVXVVROLGPLQHUDOSKDVHVZKLFKZHUH WKHQDSSOLHGDVDPDVNWR WKHSUHUHDFWLRQ LPDJHV7KHPDVNLQJPHWKRG
GHVFULEHG KHUH WKXV SURGXFHV D ILQDO LPDJH VWDFN UHSUHVHQWLQJ DOO LGHQWLILDEOH SRUH VSDFH SUHVHQW DIWHU UHDFWLRQ
LQFOXGLQJDOOYRLGYROXPHVWKDWH[LVWHGSULRUWRUHDFWLRQ
6HJPHQWDWLRQRIHDFKVDPSOH¶VSRVWUHDFWLRQLPDJHVWDFNVZDVSHUIRUPHGDWWZRVSHFLILFJUD\VFDOHYDOXHV8VH
RI WKH ORZHU YDOXH V\VWHPDWLFDOO\ RPLWWHG VPDOO SRUHV  SL[HOV IURP WKH VHJPHQWDWLRQ DV D UHVXOW RI SDUWLDO
YROXPHHIIHFWVZKLOHXVHRIWKHKLJKHUWKUHVKROGYDOXHLQFUHDVHGWKHVHJPHQWHGYROXPHRIODUJHUUHJLRQVRIUHDFWLYH
GLVVROXWLRQE\ LQFOXGLQJSDUWLDOO\SRURXV UHDFWLYH ULQGV LQ WKH ILQDO VHJPHQWHGSRUHYROXPH ,Q WKLVGLVFXVVLRQZH
SUHVHQWUHVXOWVREWDLQHGIURPVHJPHQWDWLRQXVLQJWKHXSSHUJUD\VFDOHERXQGDU\IRUSRUHVSDFHVHHVHFWLRQWR
UHSUHVHQWPRUHRIWKHVPDOOHUVFDOHSRUHIHDWXUHVVWLOOYLVLEOHDWWKHPLFURQLPDJHUHVROXWLRQ2YHUHVWLPDWLRQ
RIYRLGYROXPHZLOOPRVWOLNHO\RFFXULQUHJLRQVRIIRFXVHGGLVVROXWLRQLQSRURXVUHJLRQVLHFKDQQHOIHDWXUHVRU
³ZRUPKROHV´ZLWKVNHOHWRQL]HGUHDFWLRQULPVZKLFKDUHQRWWKHSULPDU\W\SHRIGLVVROXWLRQIHDWXUHIRUPHGLQWZR
RIWKHWKUHHH[SHULPHQWV
+LJKHUUHVROXWLRQ LPDJLQJ REWDLQHG YLD GHVWUXFWLYH VXEVDPSOLQJ RI WKH UHDFWHG FRUH VDPSOHV LV QHFHVVDU\ WR
EHWWHU FKDUDFWHUL]H ERWK WKH PLFURSRUH GLVWULEXWLRQ DQG VSHFLILF PLQHUDO FRPSRVLWLRQ RI UHJLRQV RU SKDVHV ZLWK
VSHFLILFJUD\VFDOHVWKHVHDQDO\VHVZLOOEHFRQGXFWHGLQRUGHUWRPRUHDFFXUDWHO\FRPSDUHWRPRJUDSK\UHVXOWVZLWK
HVWLPDWHVRIPLQHUDOGLVVROXWLRQREWDLQHG IURPVROXWLRQJHRFKHPLVWU\3HQGLQJ WKLV KLJKHUUHVROXWLRQDQDO\VLVZH
ZLOOUHIHUWRVROLGSKDVHVSULPDULO\E\WKHLUJUD\VFDOHZLWKOLNHO\FRUUHVSRQGLQJPLQHUDOSKDVHLQSDUHQWKHVHV1R
UHJLRQV RI QHZO\ SURGXFHG VROLG SKDVHV LH SUHFLSLWDWHGPLQHUDOV ZHUH QRWHG YLD FRPSDULVRQ EHWZHHQ WKH WZR
GDWDVHWVWKLVILQGLQJLVFRQVLVWHQWZLWKWKHLQWHUSUHWDWLRQRIWKHJHRFKHPLFDOGDWDVHHVHFWLRQEHORZ
3. Results and discussion 
3.1. Permeability evolution with time 
7KHWLPHVFDOHRIWKHSUHVVXUHGHFOLQHDFURVVHDFKVDPSOHDQGFRQFXUUHQWLQFUHDVHLQSHUPHDELOLW\LQUHVSRQVHWR
&2H[SRVXUHYDULHVZLGHO\DPRQJWKHVHWKUHHH[SHULPHQWV)LJXUH$V&2DFLGLILHGEULQHZDVLQWURGXFHGLQWR
HDFKFRUH VDPSOH WKHGLIIHUHQWLDOSUHVVXUHDFURVVHDFK VDPSOHGHFUHDVHG WR OHYHOVEHORZ WKHDFFXUDF\RI WKH WZR
WUDQVGXFHUVRYHUWLPHSHULRGVIURPKRXUVWRGD\V1RWHWKDWWKH.6H[SHULPHQWEDIIOH]RQHVDPSOHKDG
WR EH FRQGXFWHG DW D VORZHU IORZ UDWH  P/ PLQ WR EULQJ LWV LQLWLDO GLIIHUHQWLDO SUHVVXUH EHORZ RXU
H[SHULPHQWDOUHDFWRU¶VOLPLWV7KHVHSUHVVXUHGDWDDUHH[WUHPHO\YDOXDEOHIRUFRQVWUDLQLQJRXUQXPHULFDOPRGHOLQJ
HIIRUWV

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
)LJ'LIIHUHQWLDOSUHVVXUHIURPFRUHLQOHWWRRXWOHW³ΔGLIISUHVVXUH´YHUVXVWLPHIURPH[SHULPHQWVZLWKVDPSOHV.6D.6EDQG
.6F1RWHWKDWVDPSOHV.6DQG.6ZHUHUHDFWHGDWDFRQVWDQWIORZUDWHRIP/PLQZKLOHVDPSOH.6UHTXLUHGD
VORZHUIORZUDWHRIP/PLQ
3.2. XRCT results 
;5&7GDWDVHWVZHUHFROOHFWHGIURPVDPSOHVERWKSULRUWRDQGDIWHUHDFKUHDFWLYHIORZH[SHULPHQW)LJXUHV
DQGVKRZVHYHUDOURWDWHGYLHZVRIGLPHQVLRQDOVHJPHQWHGSRUHVSDFHYROXPHVIURPHDFKVDPSOHSRVWUHDFWLRQ
1RWH WKDWSUHH[LVWLQJSRUHVSDFHVYRLGYROXPHVZKLFKZHUH LGHQWLILHG LQERWKSUHDQGSRVWUHDFWLRQ LPDJLQJDV
H[SHULHQFLQJQRFKDQJHDUHVKRZQLQZKLWHZKLOHUHJLRQVRIQHZO\SURGXFHGSRUHVSDFHSUHYLRXVO\LGHQWLILHGDV
VROLGPLQHUDOSKDVHVLQSUHUHDFWLRQLPDJLQJDUHVKRZQLQYDULRXVVKDGHVRIGDUNHUJUD\VFDOH
6DPSOH.6WDNHQIURPDQLQWHUPHGLDWHERXQGDU\EHWZHHQ³EDIIOH´DQGLQMHFWLRQ]RQHVSRVVHVVHGDEXQGDQW
LQLWLDOSRURVLW\EXWQRIXOO\FRQQHFWHGSRUHQHWZRUNDW WKHVFDOHRIWKH;5&7LPDJLQJFRQGXFWHGSULRUWRUHDFWLRQ
ZLWK&2DFLGLILHGEULQH)LJXUHD$IWHUWKHVKRUWGD\ORQJH[SHULPHQWRQO\YHU\VPDOOTXDQWLWLHVRIVROLG
SKDVHUHPRYDOFRXOGEHGHWHFWHGLQWKH;5&7LPDJHGDWDDQGUHJLVWUDWLRQRIWKHWZRGDWDVHWVLQWURGXFHGHUURURQ
WKH VDPH VFDOH &RPSOHWH UHJLVWUDWLRQ RI WKH LPDJH ³VWDFNV´ ZDV DOVR FRPSOLFDWHG E\ DSSDUHQW VKLIWLQJ RI VRPH
UKRPELFFU\VWDOVLH³ODQGPDUNV´GLGQRWUHPDLQFRQVLVWHQW7KHUHIRUHERWKSUHDQGSRVWUHDFWLRQ;5&7LPDJHV
DUH VKRZQ LQ)LJXUHZLWK FRQQHFWHGSRUH FOXVWHUVKLJKOLJKWHG LQGLIIHUHQWFRORUV ,W LV OLNHO\ WKDWGLVVROXWLRQRI
VPDOONH\UHJLRQVVXFKDVWKRVHLQGLFDWHGE\DUURZVLQ)LJXUHZDVUHVSRQVLEOHIRUWKLVVDPSOH¶VH[WUHPHO\UDSLG
GHFOLQHLQGLIIHUHQWLDOSUHVVXUHLQFUHDVHLQSHUPHDELOLW\RFFXUULQJLQOHVVWKDQKRXUV5HH[DPLQDWLRQRIWKHJUD\
VFDOHV RI WKH GLVVROYHG UHJLRQV VKRZV WKDW WKH GLVVROYHG PDWHULDO SRVVHVVHG VOLJKWO\ OLJKWHU JUD\VFDOH YDOXHV
FRPSDUHGWRQHLJKERULQJSL[HOVEXWWKHGLIIHUHQFHZDVVPDOOFRPSDUHGWRRYHUDOOPDWUL[JUD\VFDOHYDULDELOLW\
,QWKHLQMHFWLRQ]RQHVDPSOH.6KRZHYHU;5&7LPDJLQJUHYHDOVWKDWPXOWLSOHIUDFWXUHVFRQFHQWUDWHGLQ
WKH GRZQVWUHDP KDOI RI WKH FRUH DQG RULHQWHG URXJKO\ DORQJ WKH GLUHFWLRQ RI IORZ PD\ KDYH FRQWULEXWHG WR WKH
UHODWLYHO\KLJKLQLWLDOSHUPHDELOLW\RIWKLVFRUH)LJXUHDXSSHUKDOIRILPDJHGRZQVWUHDPSRUWLRQRIVDPSOH)URP
SUHDQGSRVWUHDFWLRQLPDJHFRPSDULVRQLWFDQEHVHHQWKDWUHDFWLRQZLWK&2DFLGLILHGEULQHHIIHFWLYHO\GLVVROYHG
OLJKW JUD\VFDOH FDOFLWH FU\VWDOV SUHVHQW ZLWKLQ VRPH RI WKHVH IUDFWXUHV )LJXUH  3UHYLRXVO\ VHDOHG IUDFWXUHV
H[WHQGLQJ LQWRPRUH SRURXV UHJLRQV QHDU WKH LQOHW ZHUH DOVR H[FDYDWHG E\ WKH HQG RI WKH H[SHULPHQW )LJXUH 
,QVWDQFHVRIORFDOL]HGGLVVROXWLRQRIEULJKWJUD\VFDOHPDWHULDOFDOFLWHVHHODUJHUHGURXQGHGUHJLRQVLQULJKWVLGHRI
)LJXUHFZHUHREVHUYHGWRRFFXURQO\LQFORVHSUR[LPLW\WRDQH[LVWLQJIUDFWXUH1RGLVVROXWLRQRIWKHVXUURXQGLQJ
GDUNHU JUD\VFDOH PDWHULDO FRPSULVLQJ WKH ZDOOV RI WKH IUDFWXUHV ZDV QRWHG KRZHYHU OHQGLQJ VXSSRUW WR LWV
LGHQWLILFDWLRQDVVLOLFDUDWKHUWKDQDGRORPLWHPDWUL[
,QFRQWUDVWWKHSUHH[LVWLQJSRURVLW\RIWKHEDIIOH]RQHVDPSOH.6VKRZQLQJUHHQFRORU)LJXUHLVPXFK
ORZHU WKDQ WKH SUHYLRXV WZR FRUHV DQG FRQVLVWV SULPDULO\ RI GLVSHUVHG DQG XQFRQQHFWHG VPDOO SRUH VSDFHV WKH
UHVXOWLQJ ORZSHUPHDELOLW\ LQ WKLVVDPSOHQHFHVVLWDWHG WKHXVHRIDVORZHUIORZUDWH IRU WKHH[SHULPHQW&2EULQH
IORZLQWKLVVDPSOHUHVXOWHGLQWKHIRUPDWLRQRIRQHODUJHWKURXJKJRLQJGLVVROXWLRQFKDQQHORU³ZRUPKROH´)LJXUH
 UHG FRORU%DVHG RQ FRPSDULVRQ RI SUH DQG SRVWUHDFWLRQ LPDJLQJ WKLV GLVVROXWLRQ FKDQQHO RULJLQDWHGZLWKLQ
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OLJKWHUJUD\VFDOHDJDLQOLNHO\FDOFLWHUHJLRQVEXWSURFHHGHGWRZLGHQGXULQJWKHFRXUVHRIWKHH[SHULPHQWWKURXJK
GLVVROXWLRQRIVXUURXQGLQJGDUNHUJUD\VFDOHPDWHULDO$VNHOHWRQL]HG³ULQG´RIGDUNHUJUD\VFDOHPDWHULDOGRORPLWH
LV DOVR HYLGHQW DURXQG PXFK RI WKH GHYHORSHG FKDQQHO &RPSDUDEOH GLVVROXWLRQ IHDWXUHV DOWKRXJK ODFNLQJ WKH
SDUWLDOO\GLVVROYHGULQGVZHUHQRWHGLQWKHVLPLODUO\OHVVSHUPHDELOLW\:H\EXUQ³9´IRUPDWLRQVDPSOHVUHDFWHGDW
YDULRXVp&2OHYHOV>@




)LJ'UHSUHVHQWDWLRQRIWRWDOSRURVLW\RIERXQGDU\VDPSOH.6IRXUURWDWHGYLHZVDQGIURPSUHUHDFWLRQ;5&7
LPDJLQJDDQGSRVWUHDFWLRQLPDJLQJE,QWKLVYLHZEULQHIORZGLUHFWLRQZDVXSZDUG$OOLGHQWLILHGSRUHVSDFHZDVRULJLQDOO\JLYHQDGDUN
JUD\FRORUZLWKVSHFLILFFRQQHFWHGSRUHQHWZRUNVLGHQWLILHGE\FRORU1RWHWKDWLQWKHSUHUHDFWLRQLPDJHVVHYHUDOODUJHFRQQHFWHGSRUHFOXVWHUV
H[LVWUHGRUDQJH\HOORZFRORUVEXWQRQHSURYLGHDIXOO\FRQQHFWHGSDWKZD\IURPVDPSOHLQOHWWRRXWOHW,QSRVWUHDFWLRQLPDJLQJVPDOOUHJLRQV
RIGLVVROXWLRQVHHDUURZVDOORZHGFRQQHFWLRQEHWZHHQWKHSUHYLRXVO\LGHQWLILHGSRUHFOXVWHUV

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
)LJ,QMHFWLRQ]RQHVDPSOH.6IRXUURWDWHGYLHZVDEFDQGGRIWKH'UHSUHVHQWDWLRQRIWRWDOSRUHVSDFH
SUHVHQWDIWHU&2EULQHUHDFWLRQ,QWKLVYLHZEULQHIORZGLUHFWLRQZDVXSZDUG1RWHWKDWSUHH[LVWLQJSRUHVSDFHLVVKRZQLQJUHHQZKLOHSRUH
VSDFHJHQHUDWHGWKURXJKUHDFWLRQDQGGLVVROXWLRQRIPLQHUDOSKDVHVLVVKRZQLQUHG7KHYLHZZDVVHOHFWHGWRRULHQWSUHH[LVWLQJJUHHQFRORU
IUDFWXUHVLQWKHGRZQVWUHDPXSSHUKDOIRIWKHLPDJH


)LJ3RUWLRQVRIFURVVVHFWLRQDOLPDJHVWDNHQSHUSHQGLFXODUWRIORZGLUHFWLRQPPGRZQVWUHDPRIVDPSOHLQOHWIURPVDPSOH.6SULRU
WRDDQGDIWHUE&2EULQHH[SRVXUH/LJKWJUD\VFDOHFU\VWDOVORFDWHGZLWKLQSUHH[LVWLQJIUDFWXUHVKDYHEHHQUHPRYHGLQSRVWH[SHULPHQWDO
LPDJLQJ)RUVFDOHHDFKLPDJHLVDSSUR[LPDWHO\PPLQZLGWK


)LJ/RQJLWXGLQDOFURVVVHFWLRQIURPVDPSOH.6SRVWUHDFWLRQ;5&7LPDJLQJVKRZQIURPDGLIIHUHQWUDGLDODQJOHWKDQWKDWLQ)LJXUH
F(QWLUHFRUHOHQJWKLVVKRZQLQWKLVYLHZEULQHIORZSURFHHGHGIURPOHIWWRULJKW7KHIUDFWXUHVDUHSUHVHQWDORQJWKHPDMRULW\RIWKHVDPSOH
OHQJWKDQGDUHPRUHFOHDUO\HYLGHQWLQSRVWUHDFWLRQLPDJHVDVDUHVXOWRIGLVVROXWLRQDQGUHPRYDORIVROLGPDWHULDO1RWHWKDWPDQ\IUDFWXUHV
H[WHQGEH\RQGWKHORZSRURVLW\GDUNJUD\VFDOHPDWHULDOFHQWHUDQGLQWRWKHYDULDEO\FHPHQWHGSRURXVUHJLRQVSUHVHQWDWLQOHWDQGRXWOHW

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
)LJ%DIIOH]RQHVDPSOH.6IRXUURWDWHGYLHZVDEFDQGGRIWKH'UHSUHVHQWDWLRQRIWRWDOSRUHVSDFHSUHVHQW
DIWHU&2EULQHUHDFWLRQEULQHIORZGLUHFWLRQLVXSZDUG1RWHWKDWSUHH[LVWLQJSRUHVSDFHLVVKRZQLQJUHHQZKLOHSRUHVSDFHJHQHUDWHGWKURXJK
UHDFWLRQDQGGLVVROXWLRQRIPLQHUDOSKDVHVLVVKRZQLQUHG
3.3. Solution geochemistry of reacted samples 
:H DGRSW KHUH WKH VDPH SURWRFRO IRU LQWHUSUHWDWLRQ RI JHRFKHPLFDO GDWD DV GHVFULEHG LQ >@ &KORULGH
FRQFHQWUDWLRQVZHUHPRQLWRUHGWRHQVXUHFRUUHFWFKDUJHEDODQFLQJEHIRUHFRUUHFWLRQRIVROXWLRQS+WR&YDOXHV
YLD (4 JHRFKHPLFDO VSHFLDWLRQPRGHOV'LVVROYHG VLOLFD ZDV DQDO\]HG YLD ,&306 IRU RQH VDPSOH ZLWK KLJK
XQFHUWDLQW\ GXH WR LQWHUIHULQJ PDWUL[ HIIHFWV WKXV 6L2aq FRQFHQWUDWLRQV ZHUH QRW LQFOXGHG LQ RXU JHRFKHPLFDO
VROXWLRQ PRGHOV &2IUHH EULQH VROXWLRQV ZHUH LQ HTXLOLEULXP ZLWK GLVRUGHUHG GRORPLWH DQG ZHUH VOLJKWO\
VXSHUVDWXUDWHGZLWKUHVSHFWWRERWKFDOFLWHDQGRUGHUHGGRORPLWHZLWKDVROXWLRQS+RIDSSUR[LPDWHO\DW
&$IWHUHTXLOLEUDWLRQZLWK03Dp&2WKHLQIOXHQWVROXWLRQS+GURSSHGWRDW&DQGWKHEULQHVROXWLRQ
ZDVXQGHUVDWXUDWHGZLWKUHVSHFWWRDOOFDUERQDWHPLQHUDOV0RGHOHGVDWXUDWLRQLQGLFHVSIDPHDVXUHRIWKHIOXLG¶V
HTXLOLEULXPRUGLVHTXLOLEULXPZLWKUHVSHFWWRPLQHUDOVRILQWHUHVWDUHVKRZQIRUHDFKH[SHULPHQWLQ)LJXUHVDF
:HVKRZSIYDOXHVIRUERWKDQRUGHUHGDQGDGLVRUGHUHGGRORPLWHLQWKHVH ILJXUHVGXHWRFXUUHQWXQFHUWDLQW\RYHU
ZKLFKWKHUPRG\QDPLFYDOXHLVPRUHDSSURSULDWHIRUWKHVHVDPSOHV1RWHWKDWWKHWUHQGVLQPRGHOIOXLGFDUERQDWHSI 
YDOXHV PLUURU PRGHOHG VROXWLRQ S+ YDOXHV ZKLFK LQ WXUQ DUH FRQWUROOHG SULPDULO\ E\ PHDVXUHG WRWDO LQRUJDQLF
FDUERQ OHYHOV $W ODWH WLPHV VROXWLRQ S+ DW WKH RXWOHW RI VDPSOH .6 DSSURDFKHG  6DPSOH .6
SURGXFHGVLPLODUTXDVLVWHDG\VWDWH VROXWLRQS+ OHYHOVRIa2XWOHWS+ OHYHOV IRU WKH.6H[SHULPHQWZHUH
VOLJKWO\ORZHUDQGZHUHVKRZQWRGHFUHDVHIXUWKHUVWLOOWRZLWKWKHLQWURGXFWLRQRIEULQHZLWKKLJKHUp&2
OHYHO03DDWWLPHVt DQGGD\VLQGLFDWHGE\YHUWLFDODUURZVLQ)LJXUHE(IIOXHQWIURPVDPSOHV
DQG  LQMHFWLRQ DQG EDIIOH ]RQH VDPSOHV UHPDLQHG XQGHUVDWXUDWHGZLWK UHVSHFW WR FDOFLWH DW DOO WLPHV LQ WKH
SUHVHQFH RI &2aq ZKLOH IOXLGV IURP H[SHULPHQW .6 ERXQGDU\ VDPSOH HYHQWXDOO\ DFKLHYHG FDOFLWH
HTXLOLEULXPDIWHUWKHVKDUSSHUPHDELOLW\LQFUHDVHGXHWRFRQQHFWLRQYLDGLVVROXWLRQRIDFULWLFDOPLQHUDOYROXPH:H
QRWHKRZHYHULQ;5&7LPDJHVWKDWVDPSOH.6FRQWDLQHGRQO\YHU\VPDOOTXDQWLWLHVRIOLJKWJUD\VFDOHPDWHULDO
LGHQWLILHGDVFDOFLWHRUFDOFLWHULFKPDWHULDOWKHUHIRUHRXULQLWLDOJUD\VFDOHPLQHUDORJ\FDOLEUDWLRQPD\EHLQFRUUHFW
RU PD\ QRW IXOO\ DFFRXQW IRU LQWHUPL[HG ILQHJUDLQHG PDWHULDO RU FDUERQDWH PLQHUDOV RI LQWHUPHGLDWHLPSXUH
FRPSRVLWLRQ
'LVVROYHGFDOFLXPDQGPDJQHVLXPFRQFHQWUDWLRQVRYHUWLPHFDQSURYLGHLQGHSHQGHQWHVWLPDWHVRIWKHYROXPHVRI
VROLG FDUERQDWH SKDVHV GLVVROYHG GXULQJ &2aq H[SRVXUH VHH )LJXUHV GI 7KHVH LQWHUSUHWDWLRQV RI GLVVROYHG
PLQHUDO TXDQWLWLHV VKRXOG EH UHJDUGHG DV SUHOLPLQDU\ EHFDXVH ZH DVVXPH RXU VDPSOHV FRQVLVW RI SHUIHFWO\
PDJQHVLXPIUHH FDOFLWH DQG GRORPLWH ZLWK D SHUIHFW  FDOFLXPPDJQHVLXP UDWLR VHH >@ IRU GHWDLOV RI WKH
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FDOFXODWLRQDQGEHFDXVHZHQHJOHFWSRVVLEOHVLOLFDSKDVHGLVVROXWLRQ:HFRQFHGHWKDWWKHILUVWDVVXPSWLRQPD\EH
LQDSSURSULDWH IRU D UHVHUYRLU VXFK DV WKH $UEXFNOH ZKLFK KDV H[SHULHQFHG VHYHUDO HSLVRGHV RI VHFRQGDU\
GRORPLWL]DWLRQ HYHQWV >@ QHYHUWKHOHVV WKHVH FDOFXODWLRQV SURYLGH D VWDUWLQJ SRLQW IRU LQWHUSUHWDWLRQ DQG
FRPSDULVRQRIFKDQJHVLQSRURVLW\REVHUYHGLQ;5&7GDWD$FFRUGLQJWRWKLVDQDO\VLVFDOFLWHDFFRXQWHGIRUDODUJHU
SURSRUWLRQRIWRWDOPLQHUDOGLVVROXWLRQLQWKHERXQGDU\]RQHVDPSOH.6WKDQLQWKHRWKHUWZRVDPSOHV&DOFLWH
DQG D ³SHUIHFW´ GRORPLWH FRQWULEXWHG URXJKO\ HTXDOO\ WR QHZ SRUH VSDFH JHQHUDWLRQ YLD GLVVROXWLRQ ZLWKLQ WKH
LQMHFWLRQ ]RQH VDPSOH .6 ZKLOH GRORPLWH FRQWULEXWHG QHDUO\ WZLFH DV PXFK DV FDOFLWH LQ WKH EXIIHU ]RQH
VDPSOH .6 ,Q VRPH LQVWDQFHV WKHVH JHRFKHPLFDOO\ GHULYHG HVWLPDWHV DUH SODXVLEOH IRU H[DPSOH D URXJK
HVWLPDWH RI VHYHUDO FURVVVHFWLRQDO LPDJHV RI WKH ZRUPKROH IHDWXUH LQ .6 FRPSDULQJ FHQWUDO DUHDV RI OLJKW
JUD\VFDOHFDOFLWHWRDQQXODUUHJLRQVRIGDUNHUJUD\VFDOHGRORPLWHLVLQDSSUR[LPDWHDJUHHPHQWZLWKWKHUDWLR
+RZHYHUWKH;5&7GDWDIURPVDPSOHGRQRWVXSSRUWSUHGRPLQDQWGLVVROXWLRQRIFDOFLWHUHODWLYHWRGRORPLWHLQ
RXUFXUUHQWJUD\VFDOHFDOLEUDWLRQ:HDUHFXUUHQWO\SUHSDULQJVHFWLRQHGVDPSOHVIRUVFDQQLQJHOHFWURQPLFURVFRS\
DQGPLFURSUREHDQDO\VLVRIPLQHUDOFRPSRVLWLRQLQRUGHUWRUHVROYHWKHVHGLVFUHSDQFLHV


)LJ0RGHOHGIOXLGVDWXUDWLRQLQGLFHVSIZLWKUHVSHFWWRFDOFLWHEOXHDQGGRORPLWHOLJKWUHGRUGHUHGGDUNUHGGLVRUGHUHGYHUVXVWLPHIRU
H[SHULPHQWV.6D.6EDQG.6F'DVKHGKRUL]RQWDOOLQHVDUHSURYLGHGDWSI IRUSXUSRVHVRIFRPSDULVRQ%HORZHDFK6,
SORWDUHFRUUHVSRQGLQJHVWLPDWHVRIQHZSRUHYROXPHVJHQHUDWHGWKURXJKGLVVROXWLRQFPRIVSHFLILFFDUERQDWHPLQHUDOVRYHUWLPH3UHVVXUH
GHFOLQHFXUYHVDUHVKRZQLQKHDY\EODFNIRUUHIHUHQFHRQO\$UURZVLQILJXUHVEHLQGLFDWHH[SHULPHQWDOFKDQJHRYHUVEHWZHHQVHSDUDWH
&2EULQHPL[HUYHVVHOVZLWKVOLJKWO\GLIIHUHQWp&2OHYHOVYHUVXV03D
4. Current findings and ongoing work 
&XUUHQWO\WKUHHUHDFWLYHIORZH[SHULPHQWVKDYHEHHQFRQGXFWHGRQPPGLDPHWHUFDUERQDWHFRUHVDPSOHVIURP
WKH:HOOLQJWRQ  ZHOO .DQVDV 86$ ZLWK ILYH PRUH H[SHULPHQWV SODQQHG $OWKRXJK VRPH RI WKHVH VDPSOHV
SDUWLFXODUO\WKHLQMHFWLRQ]RQHVDPSOH.6ZHUHVHOHFWHGVSHFLILFDOO\IRUWKHLUKLJKSHUPHDELOLW\DFFRUGLQJWR
GRZQKROHPHDVXUHPHQWVZHILQGWKDWLQHDFKFDVHWKHH[SHULPHQWDOO\PHDVXUHGSHUPHDELOLW\LQWKHFRUHVXEVDPSOH
LVORZHUWKDQWKDWHVWLPDWHGIURPWKHFRUUHVSRQGLQJZHOOLQWHUYDO7KHGRZQKROHWRROVDPSOHVDODUJHUUHSUHVHQWDWLYH
URFN YROXPH DQG PD\ EH VHQVLQJ FRQWULEXWLRQV RI ODUJHU YXJV IUDFWXUHV RU RWKHU IHDWXUHV ZKLFK PD\ QRW EH
DGHTXDWHO\UHSUHVHQWHGLQWKHVHVXEVDPSOHV
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:KLOHLWLVQRWVXUSULVLQJWKDWFDOFLWHGLVVROXWLRQSOD\VDNH\UROHLQLQFUHDVLQJSRUHVSDFHFRQQHFWLYLW\DQGEXON
SHUPHDELOLW\ LQ WKHVH VDPSOHV VKRZQ LQ SRVWUHDFWLRQ;5&7 LPDJLQJ LW LV LQVWUXFWLYH WR QRWH WKDWPXFK RI WKH
FDOFLWH LQ WKHVH VDPSOHV LV SUHVHQW SULPDULO\ LQ WKH IRUPRIPRUH UHFHQW SRUHILOOLQJ FHPHQWVRU FU\VWDO IRUPDWLRQ
SRVWGDWLQJ IUDFWXUH IRUPDWLRQ :KLOH FDOFLWH PD\ PDNH XS RQO\ D VPDOO SHUFHQWDJH RI WKH RYHUDOO VDPSOH
FRPSRVLWLRQLWVORFDWLRQDQGWKHHIIHFWVRILWVGLVVROXWLRQKDYHDQRXWVL]HGHIIHFWRQSHUPHDELOLW\UHVSRQVHVWR&2
H[SRVXUH:HQRWHDOVR WKDWZLWKLQGDUNHUJUD\VFDOHDUHDV LGHQWLILHGDVGRORPLWHPRUHILQHO\FU\VWDOOLQHPDWHULDO
DSSHDUVWRGLVVROYHPRUHUHDGLO\WKDQODUJHUHXKHGUDOFU\VWDOVDQG WKDWWKLVPDWHULDOWHQGVWRGLVVROYHRQO\ZKHQLQ
SUR[LPLW\WRPRUHUHDFWLYHOLJKWJUD\VFDOHPDWHULDOFDOFLWH0LQHUDOLGHQWLILFDWLRQDQDO\VHVZLOOEHSHUIRUPHGRQ
VDFULILFHG FRUH VHFWLRQV WR TXDQWLWDWLYHO\ GHWHUPLQH PLQHUDO GLVWULEXWLRQV DQG WR WHVW VXSSRUW IRU PDQ\ RI RXU
REVHUYDWLRQVIURPWKH;5&7LPDJHV
7KH ;5&7 GDWD SUHVHQWHG KHUH DUH LQIRUPDWLYH IRU EXLOGLQJ WKH PRGHO GRPDLQ IRU VLPXODWLRQV RI WKHVH
H[SHULPHQWVWRWHVWGLIIHUHQWILWVWRSRURVLW\SHUPHDELOLW\UHODWLRQVKLSVEXWUHTXLUHFDOLEUDWLRQE\KLJKHUUHVROXWLRQ
PHDQV LQRUGHU WR DGG FRQILGHQFH WR WKH VLPXODWLRQRXWFRPHV7KHJHRFKHPLFDO GDWD LQ FRPELQDWLRQZLWK;5&7
REVHUYDWLRQV LPSO\ WKDWVPDOOYROXPHVRIGLVVROYHGPDWHULDODVD UHVXOWRI WKH LQWURGXFWLRQRIFKHPLFDOO\UHDFWLYH
&2DFLGLILHG EULQH FDQ OHDG WR ODUJH LQFUHDVHV LQ FRQQHFWHG SRUH RU VWRUDJH VSDFH EHQHILWWLQJ WKH ORQJHYLW\ RI
LQMHFWLRQ ]RQHV %HWWHU JUD\VFDOH GLIIHUHQWLDWLRQ EHWZHHQ VLOLFD DQG GRORPLWH SKDVHV DQG WKH GHWHUPLQDWLRQ RI
LPSXULWLHV LQ FDUERQDWH PLQHUDOV ZLOO LQIRUP RXU PRGHOLQJ HIIRUWV DQG DGG FRQILGHQFH WR RXU JHRFKHPLFDO
LQWHUSUHWDWLRQV 7KH IRUP RI WKH GHSHQGHQF\ RI UHVXOWLQJ SHUPHDELOLW\ RQ WKH SDFH DQG H[WHQW RI &2FDUERQDWH
PLQHUDOUHDFWLRQVLQSDUWLFXODUPXVWEHHYDOXDWHGLQDUREXVWVLPXODWLRQIUDPHZRUN&XUUHQWO\WKHVHH[SHULPHQWVDUH
EHLQJ VLPXODWHG XVLQJ WKH 18)7 UHDFWLYH WUDQVSRUW FRGH IROORZLQJ WKH PHWKRGRORJ\ RI >@ DQG LQFOXGLQJ QHZ
WHFKQLTXHVIRULQFRUSRUDWLQJIUDFWXUHIORZDQGPDWUL[GLIIXVLRQ
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